ABSTRACT: Evaluating the effect of parasites on population size is essential for designing management and conservation plans of wild animal populations. Although knowledge in this area is scarce in cetaceans, current evidence suggests that species of the nematode genus Crassicauda may play an important regulatory role in some populations. In the present study, a semiparametric regression technique was applied to a previously published dataset to re-examine the role of Crassicauda sp. in natural mortality of pantropical spotted dolphins Stenella attenuata. The resulting model indicated parasite-induced mortality at ages between 6.5 and 9 yr and at roughly 12 yr. The maximum mortality estimates obtained could represent 2 to 4% of natural mortality in dolphins 6 to 8 yr old. This estimate is substantially smaller than previously published values, but in contrast with previous research, our model provides clear statistical evidence for parasite-induced mortality because the bootstrapped 95% confidence intervals of the estimated mortality rates excluded the 0 value. We also evaluated, through simulations, how potential sampling biases of infected dolphins could overestimate parasite-induced mortality. Small differences in sampling selectivity between infected and uninfected animals could substantially reduce the mortality estimates. However, the simulated models also supported the notion of statistically significant mortality in juvenile dolphins. Given that dolphins older than 16 yr were poorly represented in the dataset, further research is needed to establish whether Crassicauda sp. causes meaningful mortality for population dynamics among adult individuals.
INTRODUCTION
Cetacean conservation is a pressing issue as many populations worldwide face a number of serious threats, including habitat degradation, interaction with fisheries and climate change (Ross 2006 , Lassalle et al. 2012 , Srinivasan et al. 2012 . The design and adoption of sound management and conservation plans requires evaluation of how population size may be limited by parasites and pathogens, but knowledge in this area in cetaceans is still scarce due to the cryptic nature of these animals. Strong evidence for parasite regulation of wild mammal populations has been obtained by cross-sectional research and field ex periments manipulating parasite burdens with anti helminthics (Irvine 2006) . The transfer of these approaches to cetaceans is severely hampered by the enormous difficulties in field sampling, the limited possibilities for experimental work and the poor knowledge of many host−parasite sys-tems. However, we currently have sufficient evidence to correlate parasitic infections with population dynamics (Perrin & Powers 1980 , Lambertsen 1986 , 1992 , Geraci & St. Aubin 1987 , Raga et al. 1997 , 2009 , Aznar et al. 2001 .
Although many cetacean parasites (e.g. ectoparasites and gastrointestinal helminths) probably cause little damage to their hosts, others seem harmful enough as to produce substantial morbidity and mortality. These include trematodes from the cranial sinuses (Nasitrema spp.), liver flukes (Brachycladiidae), lungworms (Pseudaliidae) and tissue nematodes (Crassicaudidae) (Geraci & Lounsbury 2001) . Several species of the genus Crassicauda, in particular, may play an important regulatory role. These worms can attain a very large size (several metres in length; Gibson et al. 1998) in the host tissues and are endemic in a number of cetacean populations (Lambertsen 1992 , Raga et al. 1997 . Different species occur in the urogenital system, mammary glands, abdominal muscle and cranial sinuses (Dailey 1985 , Geraci & St. Aubin 1987 , where they can cause extensive and profound damage to the surrounding tissues (Zucca et al. 2004 , Van Bressem et al. 2006 , Oliveira et al. 2011 , Arbelo et al. 2013 . Cranial bone lesions are of particular interest. They probably result from erosion of the carbon-rich bone fraction by glycosaminoglycan-degrading enzymes secreted by the parasite (Pascual et al. 2000) . Due to their characteristic basket-like morphology, the lesions are readily attributable to Crassicauda spp. (Raga et al. 1982) and are assumed to be irreversible (Dailey & Perrin 1973 , Van Bressem et al. 2006 , which provides a convenient way to trace previous infections in animals found stranded or taken as by-catch in fisheries. Using this approach, the lower incidence of residual bone lesions in older animals in some dolphin populations has been interpreted as evidence for Crassicauda spp. representing a major cause of natural mortality in some populations (Geraci & St. Aubin 1987 , Raga et al. 1997 , Aznar et al. 2001 .
Crassicauda spp. also deserve attention because 2 previous studies are among the rare examples in which the effect of parasites on cetacean populations has been quantified. Lambertsen (1986) estimated the mortality caused by C. boopis, a renal parasite, in fin whales Balaenoptera physalus as 4.4 to 4.9%. Given that the total natural annual mortality rate in large whales is usually assumed to be between 4 and 7%, infections with C. boopis would account for a substantial fraction of the total mortality of this endangered species (Lambertsen 1986 ). Likewise, Perrin & Powers (1980) evaluated the potential regulatory role of Crassicauda sp. of pantropical spotted dolphins Stenella attenuata. Their study was based on the quantification of skull lesions in dolphins killed incidentally in purse-seine tuna fisheries in the eastern tropical Pacific. The dolphins were aged based on the number of dentinal layers, total length or skull sutural closure, and the proportion of animals with lesions was determined for each age class. The authors estimated that infections with Crassicauda sp. could represent 11 to 14% of the population's natural mortality (Perrin & Powers 1980) . This study has become a paradigm of how cross-sectional data can be used to infer parasite-induced mortality in cetaceans (Dailey 1985 , Geraci & St. Aubin 1987 , Raga et al. 1997 , Aznar et al. 2001 .
Although the exponential models used by Perrin & Powers (1980) were a reasonable analytical op tion at the time of publication, enormous progress in regression methods has been made in the last 3 de cades (Hastie & Tibshirani 1990 , Fan & Gijbels 1996 , Rupert et al. 2003 . Current nonparametric and semiparametric regression can more efficiently tackle the lack of both normality of the error terms and nonlinearity between the dependent and independent variables of this particular dataset. Perrin & Powers (1980) coped with the latter problem by fitting different weighted exponential models to arbitrarily deli mi ted subsets of age-class groups (Fig. 1a) , resulting in 4 different sets of estimates. In the present paper, we applied a semiparametric regression technique to Perrin & Powers' (1980) data in order to optimize and obtain a single model describing the variation of skull-lesion prevalence with dolphin age. Our objective was to produce a more appropriate model for the data and thus more reliable estimates of parasiteinduced mortality. Consequently, we expect to improve inference about the effect of parasitism by Crassicauda sp. at the population level. In addition, given that a central assumption for the analyses is that nematode infections do not increase the likelihood of dolphins being killed in the fishery (Perrin & Powers 1980) , we also explored the effect on mortality estimates of potential selective sampling in favour of infected dolphins.
METHODS
The present study is based on the data reported in Table 1 of Perrin & Powers (1980) showing the prevalence of skull lesions produced by Crassicauda sp. in 704 spotted dolphins caught incidentally in tuna fisheries. Our dataset was organized in 704 rows (indi-vidual dolphins) with 2 column variables: a binary response variable, denoting for each individual dolphin the presence (1) or absence (0) of skull lesions, and dolphin age as an independent variable. Animals (n = 25) clustered in the 16−19 yr age class in Perrin & Powers (1980) were arbitrarily assigned to age 16.5. We used generalized additive models for location, scale and shape (GAMLSS) (Rigby & Stasinopoulos 2005 ) to estimate a function ƒ (a) describing the variation of prevalence of skull lesions across dolphin age (a). Our choice of this regression technique is justified for 2 main reasons. First, model optimization and selection are facilitated by the large variety of distributions for the response variable that can be tested and by the range of additive terms allowed. Second, powerful and reliable algorithms are used to fit the models (Rigby & Stasinopoulos 2005) . The analyses were carried out with the gamlss package (Stasinopoulos & Rigby 2007) in R 3.0.1 (R Core Team 2013).
We evaluated different candidate mo dels allowing 4 different binomial-type distributions (binomial, be ta-binomial, 0-inflated binomial and 0-in flated beta-binomial) for the res ponse variable, tested over a range of functions: linear, exponential, cubic soothing splines (Reinsch 1967 ) and penalized B-splines (Eilers & Marx 1996) . The models were fitted using the Rigby-Stasinopoulos algorithm (Rigby & Stasinopoulos 2005) and were compared to select the best model for the data based on differences in Akaike's Information Criterion (AIC) (Burnham & Anderson 2002) . We eventually checked the adequacy of the chosen model to the data by inspection of the detrended normal Q-Q plots of the residuals (worm plots) (van Buuren & Fredriks 2001) .
In order to estimate the rates of change with age of nematode infections, we computed the first derivative of the model function ƒ ' (a) by numerical methods in R (see the Supplement at www. int-res. com/ articles/ suppl/ d108 p083_ supp. pdf). Then the net rate of change in lesion prevalence with respect to age ẑ (a) was estimated as ẑ (a) = ƒ (a) × ƒ ' (a). This function is analogous to the net exponential rate of change z used by Perrin & Powers (1980) , which represents the turnover between infection and mortality rates (r and m, respectively), i.e. z = r − m. To establish the accuracy of our models, standard errors (SEs) and non-parametric 95% confidence intervals (CIs) for ƒ (a) and ẑ (a) were computed based on 1000 bootstrap replicates of the dataset, where each function was evaluated on a fixed grid of 100 points equally spaced along the full range of age classes. Values are reported herein as ẑ (a) ± SE, followed by the 95% CI in parentheses.
If infected dolphins were more likely to be incidentally killed in the purse-seine fishery than uninfected ones, mortality rates would be overestimated. For this reason, we heuristically assessed the potential effect on our mortality estimates of differences in sampling selectivity between infected and uninfected dolphins. Weighted GAMLSS regressions were fitted to the data assuming capture probabilities for infected animals of 1.25, 1.5, 1.75 and 2.0 times higher than those of uninfected ones. New ẑ (a), SE and CI values were then computed as above and compared to those obtained with the original data. 
RESULTS
Models assuming a binomial distribution for the response variable fitted the data better than the other candidate distributions (AIC values are given in the Supplement). The best model (Fig. 1b) was defined by a cubic smoothing spline with 4 effective degrees of freedom. In this model, age was a significant predictor of skull-lesion prevalence (likelihood ratio test, D = 9.94, p = 0.019). The model showed a statistically significant increase (CIs of ẑ (a) did not include 0) in lesion prevalence in the younger animals (ages be tween 1 and 3.5 yr), with the maximum net in crease occurring at ages between 2.5 and 3.0 yr: 0.24 ± 0.14% (0.05−0.60%; Fig. 2 ). Prevalence decreased in dolphins ≥ 5 yr of age (Fig. 1b) . This reduction was statistically significant from age 6.5 to 9 yr and at roughly 12 yr (Fig. 2) , and the minimum net change in prevalence was reached at ca. 7 yr of age: −0.19 ± 0.14% (−0.60 to −0.017%) (Fig. 2) . A similar pattern was observed when sampling biases in favour of infected dolphins were assumed, with maximum and minimum net increases also occurring at about 3 and 7 yr of age, respectively, but the estimated absolute net rates of prevalence change were smaller than in the original model (see the Supplement). In fact, the relationship between the absolute values of the maxi mum and minimum net increases, and hypothetical sampling biases in favour of infected dolphins agreed well with power laws with scaling exponents <−1.7 in both cases (Fig. 3 ).
DISCUSSION
Our model describes the variation in prevalence of cranial bone lesions produced by Crassicauda sp. in 704 spotted dolphins caught incidentally in tuna fisheries (Perrin & Powers 1980) . A key assumption to accept that the significant reduction in prevalence at ages between 6.5 and 9 yr indicates mortality caused by Crassicauda sp. in the studied population is that bone lesions do not resolve with age. Otherwise, the pattern observed could also be accounted for by a decrease of infections without host mortality in that age period. However, convincing evidence for the irreversibility of these lesions has been provided by Dailey & Perrin (1973) . These authors surveyed 126 of the 704 skulls of the present dataset (Perrin & Powers 1980) for Crassicauda lesions and found that the most severely damaged skulls corresponded to calves. The damage was extensive and, if repaired, traces would still be apparent in the form of bone calluses, depression or altered shape of bone elements. After careful examination of skulls in older individuals, no such signs were observed, which led the authors to conclude that lesions were certainly irreversible (Dailey & Perrin 1973) . A plausible mechanism to account for this finding is that the lesions consist of bone excavations involving destruction of Net rate of change of lesion prevalence (%) Dolphin age (yr) Fig. 2 . Stenella attenuata. Variation of net change rate in skull lesion prevalence across dolphin age (continuous line) with bootstrapped standard error bands (dashed lines) and 95% confidence intervals (grey area) Fig. 3 . Stenella attenuata. Effect of potential sampling biases in favour of infected dolphins on the maximum at ca. 3 yr (d) and minimum at ca. 7 yr (s) net range of change in skull lesion prevalence (Fig. 2) . Absolute values of the maxima and minima are displayed assuming different ratios of infected to uninfected dolphins in the probability (P) of being incidentally killed in the tuna fishery. The data were fitted well by 2 power laws periosteum, thereby disrupting normal bone repair (Zhang et al. 2008) . The completion of physiological development and attainment of independence in delphinids occurs at about 7 yr of age (Noren & Edwards 2007) . Cranial infections with Crassicauda spp. lead to a very destructive and exacerbated inflammatory reaction (Zucca et al. 2004) , which can additionally affect echolocation (Dhermain et al. 2002) or facilitate bacterial and viral infections (Pascual et al. 2000) . Thus these nematode infections could impact directly or indirectly on development in the early life of dolphins leading to increased mortality at this life stage.
In animals ≤5 yr old, Perrin & Powers (1980) re ported a 53.9% yearly rate of increase in lesions. Given that the prevalence at age 5 was 15.4%, this yields a net infection rate of 8.3%, which is markedly higher than our maximum estimate (0.24%) within the same age class. Likewise, the maximum net reduction in pre valence reported herein (≈0.2% at age 7) is substan tially smaller than the net exponential rates given by Perrin & Powers (1980) . The authors reported 3 different values: 1.1% for dolphins ≥8 yr old, 2.6% for dolphins ≥5 yr of age and up to 10.6% for those in the 5−7 yr interval. However, all associated SEs were larger than the estimates and, more importantly, the SE intervals were truncated at 0. Therefore, it could not be established with enough confidence that the true net rates are non-0. By contrast, our model provided clear statistical evidence for reduction in prevalence, and hence mortality, at specific ages because the narrower confidence bands excluded the 0 value. Probably these large discrepancies in estimates and the large SEs in Perrin & Powers (1980) result from fitting exponential models to different subsets of data that probably lead to overfitting to the points included in each partition.
Without additional information, it is impossible to partition ẑ (a) into its r and m components. Perrin & Powers (1980) assumed that past a given age at which there is a peak of prevalence of skull lesions, no significant new lesions occur. Accordingly, after that age, z ≈ m and ẑ (a) could be taken as a proxy for mortality-rate estimates at age a. Given that the natural mortality rate of eastern tropical spotted dolphins has been estimated to be 9.8% (Perrin & Hohn 1994) , nematode-induced mortality would represent up to 2% of the natural mortality at least in animals between 6 and 8 yr old. The assumption of little or no new infections in older dolphins is based on evidence indicating the presence of eggs or larvae in milk and urine in lactating females (Dailey 1985 (Dailey , 2001 ). Accordingly, calves would become infected when suckling or by ingestion of larvae released in the mother's urine (Lambertsen 1986 ). In addition, worms have been reported in a newborn fin whale, which suggests a transplacental route of transmission for Crassicauda spp. (Lambertsen 1992) . Although these proposed transmission mechanisms might explain the apparent increase in lesion prevalence during the first years of life (Fig. 2) , they might not apply to species living in the cranial sinuses. In addition, these observations are in conflict with the obvious thickshelled eggs of Crassicauda spp. and the systematic position of Crassicaudidae within the habronematoids, in which it has been consistently shown that development to the infective larval stage takes place in arthropod intermediate hosts (Anderson 2000 , Moravec 2007 ). Moreover, the data were best fitted by a binomial (as opposed to beta-binomial) distribution, indicating that there is no statistical evidence to assume different probabilities of infection among individuals. Thus, the hypothesis of significant infections in juvenile and adult dolphins deserves consideration. In such a case, ẑ (a) would underestimate the true mortality. However, if we assume that the detrimental effect of Crassicauda sp. occurs sometime after infection, the maximum net increase of prevalence observed in calves might be close to r. Then our maximum mortality would become 0.24 + 0.19 = 0.43% and thus nematode infections would account for ca. 4% of the natural mortality rate in dolphins between 6 and 8 yr old. Additional mortality could also result from infections with Crassicauda spp. not involving bone damage, but this effect is impossible to evaluate with the present dataset.
Our study also provides scaling factors affording to quantify how biases in favour of infected animals could overestimate parasite-induced mortality. We show that even for small differences in capture probability between infected and uninfected animals, the mortality estimates can be substantially reduced (Fig. 3) . However, it is important to notice that the general model dynamics were very similar in the simulated regression models: Prevalence increases during the first years of age, and parasite-induced mortality mostly affects juvenile dolphins.
Our models did not provide sufficient statistical evidence for substantial mortality in older dolphins. However, not all age classes were adequately represented in the database. Spotted dolphins have a life expectancy of over 40 yr (Perrin et al. 1987 ) and sexual maturity is attained at 9 to 11 yr in females and at 12 to 15 yr in males (Perrin 2001 (Perrin , 2009 ). Thus, most animals analysed herein were either calves, juveniles or subadults. Therefore, models including adult dol-phins would help clarify the role of parasite-induced mortality among the older animals.
It is clear that much more research is needed to exactly determine the effect of Crassicauda sp. on ceta cean populations. The evidence brought forward herein concerns parasite-induced mortality, but ma cro-parasites in vertebrates can also decrease growth and fecundity (Irvine 2006) . Although these effects are more subtle and more difficult to evaluate in wild mammals, the role played by Crassicauda spp. de serves further investigations. In addition, elucidating the mode of transmission of these nematodes would tremendously advance our understanding of the host−parasite dynamics. This aspect could be investigated using molecular approaches similar to those used with marine-mammal lungworms (Lehnert et al. 2010) . In any case, we indicate here that although perhaps not as dramatic as suggested by Perrin & Powers (1980) , the effect of Crassicauda infections in spotted dolphins seems to be important, and this factor should be explicitly addressed in future population studies of small cetaceans. We strongly recommend systematically recording the presence of Crassicauda spp. in the cranial sinuses in all advanced programmes of cetacean research and deposition of relevant skeletal material in reference collections. In the long run, this will allow obtaining better insight into the impact of this parasite on dolphin populations worldwide. 
